The rate of photosynthesis primarily depends on nutrients and photosynthetically available radiation (PAR) at sea surface. Several ship cruises were carried out to measure optical, biological, and atmospheric parameters in the Arabian Sea and their variability were studied. An analytical nonspectral photosynthesis-irradiance model was used to estimate euphotic primary production (EuPP) to study its variability during cruise periods. PAR was estimated using COART model using in situ measured aerosol optical depth (AOD) to compare with in situ measured PAR. In order to understand the variability of PAR under different types of aerosol and different aerosol loading, a simulation study was carried out using COART model. EuPP was estimated for various PAR values under different aerosol loading and cloud coverage conditions. Sensitivity analysis showed that for maritime, maritime polluted, and desert aerosols, the ratio PAR/PAR 0AOD has attenuated to about 11-25%, whereas it has attenuated to 44% for urban aerosol type. PAR/PAR clear sky was reduced by ∼57% for high aerosol loading and for overcast sky. The decrease in EuPP under various aerosol loading and cloud coverage was observed to depend on the photoadaptation parameter. EuPP/EuPP clear sky was reduced by 38% for maximum maritime aerosol loading and for overcast sky.
Introduction
Biological process in the ocean is mediated through the process of photosynthesis, where marine phytoplankton converts inorganic carbon to organic carbon and removes carbon dioxide from the atmosphere. The rate, at which photosynthesis occurs, also termed as primary production, primarily depends on nutrients and photosynthetically available radiation, or PAR, (∼0.4-0.7 m wavelengths) at sea surface. Productivity varies with the availability of light and takes place within the euphotic zone. This extends from the surface to a depth where there is 1% of the light intensity from the surface. The photosynthetic response of phytoplankton to available light is not linear. It is light dependent at the lower light intensities and becomes independent (saturated) at higher light intensities, producing a curve which is described by its slope ( ) and the maximum photosynthesis ( ) [1] .
As solar radiation passes through the earth's atmosphere, some of it gets absorbed or scattered by different atmospheric constituents like aerosols, cloud cover, ozone, water vapor, and various gasses. On a daily level, cloudiness and aerosols have a significant influence on the amount of radiation that reaches the earth surface [2] [3] [4] . Arabian Sea and Bay of Bengal basins experience aerosol loadings transported from northern hemispheric landmasses during the Asian dry season (November to April) [5] . The aerosol concentrations have increased over the northern part of India compared to the southern part of India in recent years [3] . The addition of micronutrient iron from mineral dust to sea water can influence ocean productivity [6, 7] . On the other hand, aerosols that remain in the atmosphere and are not deposited in the sea water can reduce the solar energy at the sea surface and can influenced ocean primary production [8, 9] . As a part of IRS P4 OCM I, OCM 2 validation, there were several joint ship cruises by Space Applications Centre and National Institute of Oceanography team to measure optical parameters (radiance/irradiance profile, PAR), biological parameters, and atmospheric parameters (aerosol optical depth) during 2001 to 2011 in different seasons in the Arabian Sea. In the view of above, the variability of PAR, AOD, and ocean primary production was studied during cruise period in the Arabian Sea. In the context of the increased aerosol concentration over the northern part of India, a sensitivity study through COART model was carried out to understand the effect of increased aerosol optical depth on PAR and its role in modulating column primary production in the Arabian Sea.
Study Area
The study is carried out in north eastern Arabian Sea (NEAS). The locations of the data collection during ship campaign are shown in Figure 1 . A total of 37 hydrographic stations were sampled during the entire study period and the area covered during the cruises lies within [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] ∘ N and 66-75 ∘ E. During winter monsoon season (December-March), phytoplankton blooms are observed in the entire northern Arabian Sea, covering coastal shelf regions and open Ocean of Oman and Gujarat [10, 11] . However, typical oligotrophic conditions prevail during April and November in the northern Arabian Sea, characteristic of intermonsoon phase. sensor of hyperspectral radiometer in free fall mode. In situ data was processed using the software (Prosoft) provided with the instrument. Both radiometers are calibrated every year according to the calibration protocols provided by the company using NIST certified integrity sphere as calibration source. After each measurement, lens of radiometer was washed with fresh water to avoid contamination of salt content.
Dataset and Methodology (Cruise Data)
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Estimation of PAR from Radiometer Data.
Photosynthetically available radiation is a measure of the number of photons available for photosynthesis by chlorophyll and obtained from reference sensor of radiometer. Reference sensor was kept on the deck of the ship away from the shadow of the ships superstructures and the shadow of the radar dome. Measurement of surface irradiance was carried out between 11:30 am and 12:30 pm. PAR was estimated using the following equation:
where is wavelength, ℎ is Planck constant, is the speed of light, ( ) is downwelling surface irradiance in W cm −2 nm −1 obtained from surface PAR sensor of radiometer.
Figure 2(a) shows the variation of downwelling irradiance at different wavelength at different time and Figure 2 (b) shows PAR in the range 0.4 m to 0.7 m at different time. PAR was averaged within the time interval. Solar zenith angle was calculated based on NASA report [12] and PAR at local noon was calculated by dividing PAR at observation by cosine of solar zenith angle. optical depth comprising of rayleigh optical depth and aerosol optical depth. Rayleigh optical depth was calculated with inverse relationship between Rayleigh optical depth and fourth power of wavelength [14] at mean sea level. Rayleigh optical depth was subtracted to get the aerosol optical depth. Sun photometer readings were taken every half an hour throughout the day on all days.
Estimation of
EuPP. An analytical nonspectral photosynthesis-irradiance model [1] was used to estimate EuPP. The basic equation of the daily rate of euphotic zone production , was given as
where is chlorophyll-a concentration, par is vertical diffusion attenuation coefficient for euphotic depth ( eu ), and is the day length given as input to the model. Platt and Sathyendranath [1] have shown that under certain assumptions, a fifth-order polynomial provides an approximation to the analytical solution for daily rate of water column primary production as a function of surface irradiance at local noon. This is given as
where 0 is surface Irradiance at noon and , are photo physiological parameters. Dimensionless irradiance = * is given as 0 / and is calculated as ratio of and . was termed as photoadaptation parameter and Ω is weights for fifth-order polynomial fit for = 5. Weights were obtained from Platt and Sathyendranath 1993 [1] for the range of 0.2 ≤ * ≤ 20.
Inputs for the EuPP Model
(i) Chlorophyll-a. Water samples collected during ship cruises were analyzed following ocean optics protocols [15] for field measurements of chlorophyll-a concentration by flurometer.
(ii) Euphotic Depth. Downwelling irradiance at each depth of the Ocean during cruise period was obtained from and SPMR sensor of Satlantic radiometer when it was operated in free fall mode. PAR variability at each depth of each station was estimated using
where is downwelling irradiance in micro W cm −2 nm −1 at each depth in the ocean. Figure 3 shows depthwise variability of PAR. Euphotic depth was taken as the depth of 1% decrease from sea surface PAR at each station during ship cruise period. of irradiance is shown in Figure 4 (a). A more convenient laboratory based procedure is to measure photosynthesis in combination with a photosynthetron. Different components of photosynthetron are shown in Figure 4 (b). This photosynthetron was designed and fabricated at Space Applications Centre, Ahmedabad. Phytoplankton samples were incubated with [14C]-HCO3 for a period of three hours at the same temperature of the water body and a series of irradiance value designed to correspond to different depths in the euphotic zone was provided from an artificial source (250 W quartzhalogen lamp). The watertight incubation chamber was made with flat acrylic material and was designed to contain a stack of thirteen 300 mL flat rectangular bottles. Bottles were attached to a gearbox unit with a motor to move the rack. A submersible pump was used at the other end of the chamber to circulate water inside the chamber and flow around the rack of bottles. This arrangement kept the algal cells inside the bottle well mixed and prevented their settlement at the bottom of the bottle. Production was computed according to equations in JGOFS protocols [15] and normalized to chlorophyll concentration. The chlorophyll specific and were derived by fitting to the experimental data points and hyperbolic tangent function as given in Jassby and Platt [16] .
Day Length.
Day length ( ) in hours was calculated using Brock [17] model. Figure 6 (e) shows that normalized production ∫ PP/(BP / par ) (primary production per unit biomass, unit photosynthetic rate, unit hour, and unit vertical diffusion attenuation coefficient) plotted against PAR was found to occur in a region where photosynthesis was maximum and independent of irradiance according to Figure 4 (a).
Results
The Variability of PAR and AOD (Cruise Data
)
Sensitivity Study
In order to understand the effect of AOD on PAR and finally on ocean primary production, the issues coming from the discussion of Sections 4.1 and 4.2 were as follows.
(i) Definite relationship of AOD at 500 nm with PAR and EuPP was not obtained from the pooled in situ data sets.
(ii) Only in situ AOD was obtained from Sunphotometer.
The information about the type of aerosol present during the cruise period was not obtained.
(iii) The normalized primary production ∫ PP/(BP / par ) plotted against PAR was found to occur in a region where photosynthesis was maximum and independent of irradiance.
(iv) Higher value of photoadaptation parameter was estimated during the cruise period which may correspond to different phytoplankton assemblages of phytoplankton. For different PI parameters the variation of EuPP for different aerosol loading was not known. To get the answers of those issues, we carried out a simulation study to estimate PAR for different types of aerosol model at measured in situ AOD using COART model. In situ PAR was compared with COART model derived PAR. Secondly, a range of PAR values were obtained when AOD was varied from 0 to 1. Similarly, for different cloud coverage, simulated PAR was obtained using nonlinear relationship with cloud coverage [18] . Finally, a study was carried out to estimate EuPP using (3) with measured value of chlorophyll-a, par , euphotic depth, physiological parameter, and variable value of simulated PAR. The following sections describe the methodology and results for the modulation of PAR and ocean primary production under different aerosol and cloud coverage conditions for different PI parameter.
Methodology for Estimation of PAR Using COART (Coupled Ocean
Atmosphere Radiative Transfer) Model. Estimation of PAR at a single geographic location and its dependence on AOD were studied by COART model. COART is a publicly distributed software and is demonstrated online at (http://www-cave.larc.nasa.gov/cave/). The characteristics of the Coupled Ocean-Atmosphere system for a plane parallel medium are described with the basic equation given in Jin et al. (1994 Jin et al. ( , 2006 [19, 20] .
(A) Inputs for PAR Calculation. Latitude and longitude positions of each hydrographic station at 6:30 GMT were used as input to estimate PAR during ship cruise period in the Arabian Sea. Arabian Sea is situated in the tropical belt and all the ship cruise measurements were taken under cloud free condition. Tropical model was used as atmospheric model and no cloud was selected. Stratospheric aerosol was assumed to be zero as there were no reports by volcanic activity or other events that would result in extra aerosol loading during the ship cruise period. Ocean depth was set as zero to neglect upwelling radiance from ocean. PAR was estimated using COART model at in situ aerosol optical depth as input. In order to understand what type of aerosols was present during ship cruise period, in situ PAR was compared for different type of aerosol models mentioned in the COART. In COART model six types of aerosol model, MODTRAN maritime and Urban, OPAC (Optical Properties of Aerosols and Clouds) maritime clean, OPAC maritime polluted and OPAC maritime tropical, and Desert [4] , were selected. Maritime aerosol contains sea salt particle. Maritime clean aerosol have no soot, but with certain amount of water-soluble aerosol. Maritime polluted aerosol has highly variable amounts of soot and anthropogenic water-soluble particle. Maritime tropical aerosol has a low density of watersoluble substance and lower number density of sea salt [4] . Desert aerosol consists of the mineral aerosol. Urban aerosol represents strong polluted aerosol that is observed in urban areas. The mass density of soot was very high and both water-soluble and insoluble substances are about twice the continental polluted aerosol found in centre area of large cities. Among all the different types of aerosol, desert aerosol has only mineral composition. The rest of the aerosol types do not have role in adding micronutrient to sea water. In this case, only we studied the changes of ocean primary production due to reduction of surface PAR. Types of aerosol at each station during the ship cruise period are given in Table 1 .
From Table 1 , it is evident that during cruise period, aerosol distribution was generally maritime tropical type of aerosol. Maritime, maritime tropical, and maritime clean aerosol gave almost same value of PAR whereas maritime polluted aerosol gave lower value of PAR compared to maritime, maritime clean, and maritime tropical aerosol at any AOD for a particular station. That is why in the next sections we categorized maritime, maritime clean, and maritime tropical aerosol as maritime aerosol. The variety of aerosol type and variation in aerosol optical depth during different seasons were due to difference in wind direction during different seasons [5] . surface at in situ aerosol optical depth. COART model derived PAR was validated with in situ measured PAR ( Figure 7 ). It is expected to find a good validation of the model with in situ data since the aerosol model was selected in such a way that the discrepancies between the model and the measurements are the lowest. To understand the effect of aerosol on PAR and finally on ocean primary production, a sensitive analysis was carried out for maritime, maritime polluted, urban, and desert aerosol.
Results and Discussion
Sensitivity Analysis: AOD on PAR.
Using COART model, variation of PAR/PAR 0AOD under various aerosol loadings for different types of aerosol was studied through a sensitivity analysis. The results are shown in Figure 8 . Direct PAR decreased exponentially as AOD increases according to the Beer-Bouguer-Lamberts law [14] . Diffuse PAR increases as AOD increases at maximum value and then decreases [14] . Direct and diffuse PAR show exponential variation with aerosol optical depth [14] . Mallet et al. [9] fitted a second-order polynomial to the variation of PAR to PAR clear sky with dust optical depth for different single scattering albedo. However, a second-order polynomial was fitted for various types of aerosol and the equation of the relationship between PAR/PAR 0AOD and AOD was estimated for different types of aerosols and shown in Figure 8 . where PAR was reduced ∼3% during May 2003 to April 2004 in the polluted conditions [21] .
The variation of diffuse PAR with AOD is largely affected by solar zenith angle [14] . The results of the variation of PAR with AOD of Mallet et al. [9] differ from our results, because PAR has been estimated in this at different solar zenith angles. We estimated PAR at noon as in Section 3.1, whereas Mallet et al. [9] estimated PAR at constant solar zenith angle of 30 ∘ . We have neglected the contribution of sea surface reflectance from ocean to surface PAR. The influence of sea surface reflectance on PAR is negligible as per Mallet et al. [9] .
Sensitivity Analysis: AOD and EuPP.
To understand the effect of aerosol on EuPP in the Arabian Sea, a sensitivity study was carried out to estimate EuPP for a range of PAR values when AOD was varied from 0 to maximum 1 for different aerosol types.
Using the analytical model as described in (3), it was observed that EuPP decreased ( Figure 9 ) as aerosol loading increased during different months of the year. The photosynthetic response to available light is not linear [1] . A second-order polynomial was fitted with the variation of ratio EuPP/EuPP 0AOD and equations of the relationship between EuPP/EuPP 0AOD and AOD for different types of aerosol were given in Figure 9 . The decrease of EuPP/EuPP 0AOD for different type of aerosol during ship cruise period for maximum aerosol loading and moderate aerosol is tabulated in Table 3 .
For maximum maritime types of aerosol loading, the decrease of EuPP/EuPP 0AOD was from 5 to 10% during ship cruise period. The decrease was from 13 to 26% for maximum urban and desert types of aerosol loading. Ocean primary production decreased by ∼35% [8] in the case of intense dust aerosol (AOD > 0.6) in the Atlantic Ocean. The variation of EuPP/EuPP 0AOD with AOD in the Arabian Sea is different from the variation of primary production in the West African Coast [9] for same aerosol optical depth. Nature of variations of euphotic primary production with AOD in the Arabian Sea can be different for same aerosol optical depth as the PI parameters are different in those Oceans. For moderate aerosol loading, EuPP/EuPP 0AOD was decreased from 3-7% for urban and desert type of aerosol loading. The decrease was negligible (1-3%) for moderate maritime type of aerosol. Weak effects of dust on Ocean primary production were also observed in the Atlantic Ocean when dust optical depth was lower that 0.2-0.3 [14] . The variation of ocean primary production for different value of photoadaptation is discussed in the next section. . However, some PI parameters were observed during ship cruise period, which had higher value of photoadaptation parameter. Figure 10 shows decrease (%) in EuPP with increase aerosol optical depth for different photoadaptation parameters.
Decrease of EuPP with same aerosol optical depth was different for different photoadaptation parameters. With higher value of photoadaptation parameter the decrease of EuPP was high. For maximum maritime aerosol loading, the decrease in EuPP was increased from 5.34% to 9.25% when PI parameter increased from 52.7 W m −2 to 265.42 W m −2 . After discussion about the variation of PAR and EuPP under different aerosol loadings for different value of photoadaptation, the variation of PAR and EuPP under different cloud coverage is discussed in the next section.
Sensitivity Analysis: Cloud Coverage, PAR, and EuPP.
To understand the variability of PAR under different cloud coverage, direct and diffuse component of PAR was computed using a non-linear relationship for variable cloud coverage [18] . Clear sky is defined as there are no aerosol loading and no cloud. The ratio PAR/PAR clear sky was observed to reduce in a quadratic way with increase in cloud coverage ( Figure 11(a) ). For no aerosol (AOD = 0) loading PAR/PAR clear sky was reduced up to about 12% from clear sky when cloud coverage was less than 50%. The ratio reduced 52% (Figure 11(a) ) for overcast sky. For maximum aerosol loading (AOD = 1) and for overcast sky PAR/PAR clear sky was reduced 57% compared to clear sky (Figure 11(a) ). For moderate aerosol loading (AOD = 0.3) and for overcast sky PAR/PAR clear sky was reduced 54% compared to clear sky. Simulation based study also was carried out to understand attenuation of EuPP at different aerosol and cloud coverage conditions and shown in Figure 11 (b). For overcast sky and for maritime clean aerosol when AOD varied from no aerosol to maximum aerosol loading, decrease of EuPP/EuPP clear sky was observed from 33% to 38%. For 50% cloud coverage the decrease was from 6% to 11% compared to clear sky. Second-order polynomial was fitted with the variation of PAR/PAR clear sky and EuPP/EuPP clear sky with cloud coverage for AOD values 0, 0.3, and 1, respectively, and equations of the relationship between PAR/PAR clear sky and EuPP/EuPP with cloud coverage for various aerosol loading is shown in Figure 11 . Cloud coverage plays dominating role compared to aerosol in attenuating PAR and finally on ocean primary production. Kumar [22] showed that cloud cover has a secondary effect in comparison to turbidity to reduce PAR and primary productivity during summer and fall intermonsoon in the northern Bay of Bengal.
International Journal of Oceanography In situ PAR was compared with COART model derived PAR for six different types of aerosol models using in situ measured AOD. The type of aerosol model that gave the minimum error compared with insitu PAR was selected for the true representation of that type of aerosol. Dependence of PAR on AOD, and its impact on ocean primary production has been investigated through sensitivity analysis and statistical equations have been generated between PAR, AOD and EuPP in the Arabian Sea. It is found that for maritime, maritime polluted, and desert aerosol, PAR/PAR 0AOD has attenuated to about 11-25%, whereas it has attenuated to 44% for urban aerosol type. PAR/PAR clear sky was reduced ∼57% for high aerosol loading and for overcast sky.
Conclusions
The decrease in EuPP under various aerosol loadings and cloud coverage was observed to depend on the photoadaptation parameter. The decrease in EuPP was observed to be about 10% for higher value of PI parameter when compared with lower value of PI parameter (∼5%) for maximum maritime aerosol loading. EuPP/EuPP 0AOD was reduced by about 26% for maximum urban type of aerosol. Moderate maritime, maritime polluted, and desert aerosol have negligible influence (1.8% to 3.7%) on EuPP/ EuPP 0AOD . EuPP/EuPP clear sky was reduced by 38% for maximum maritime aerosol loading and for overcast sky.
Reduction of PAR/PAR 0AOD and EuPP/EuPP 0AOD was more during January compared to other seasons. Cloud coverage plays dominating role compared to aerosol in attenuating PAR and ocean primary production. This sensitivity study demonstrates the effect of varying AOD and aerosol models on PAR and subsequently on PP estimation. It is also observed that aerosol types also play significant role in the PAR estimation. The relationships developed between AOD and PAR and cloud coverage will improve the quantification of EuPP.
